Objective: To evaluate ictal adipokine levels in episodic migraineurs and their association with pain severity and treatment response.
Given the inflammatory roles of these adipokines and the prior research suggesting that targeted adipokine levels are altered in migraine, we hypothesized that ictal ADP, LEP, and resistin are associated with migraine pain severity and acute abortive treatment response.
METHODS This was a multicenter, randomized, doubleblind, placebo-controlled study evaluating serum ADP, LEP, and resistin levels in those with episodic migraine, before and after treatment with 85 mg sumatriptan/500 mg naproxen sodium (suma/nap) vs placebo, during acute migraine attacks.
Standard protocol approvals, registrations, and patient consents. This study was registered at ClinicalTrials.gov (NCT01138150) and was approved by the institutional review board from each site, as previously reported in the pilot study. 7 All participants gave written informed consent.
Participants. Participants were recruited from 3 tertiary care headache clinics between December 2009 and May 2013. Full inclusion and exclusion criteria have been previously published. 7 In brief, adults aged 18 years or older with 2 to 12 headache days per month, who fulfilled criteria for episodic migraine as determined by a headache specialist based on the International Classification of Headache Disorders, second edition (ICHD-2) criteria, were included. 7 Those with infectious, inflammatory, metabolic, autoimmune, and cardiovascular diseases, as well as those with pain disorders other than migraine were excluded. Migraine with aura was determined at screening by a headache specialist based on ICHD-2 criteria.
Study protocol. All participants underwent neurologic examinations and completed standardized questionnaires to identify demographics, medical history, and headache characteristics. Following completion of one 28-day prospectively maintained headache calendar, a research pharmacist randomized participants to suma/nap or placebo with a ratio of 1:1 in blocks of 4. Participants and treating research staff were blinded to treatment assignments. 7 Participants were headache-free for at least 24 hours before onset of the acute episode and returned within 4 hours of onset of a moderate to severe acute migraine attack. Blood was drawn via an IV catheter at presentation and after confirmation of moderate to severe pain before treatment (T0), and at 30, 60, and 120 minutes after treatment. Pain severity was assessed with a verbal numeric rating scale (NRS) from 0 (no pain) to 10 (most severe pain). Treatment responders were defined as those with a reduction of pain from moderate to severe ($4/10 on the NRS) at T0 to no to mild (#3/10 on the NRS) at 120 minutes after treatment with either suma/nap or placebo. Headache rescue medications (e.g., sumatriptan, nonsteroidal anti-inflammatory medications, antihistamines, dopamine antagonists) were permitted after the final blood draw.
Covariates. Headache-related disability was evaluated using the Headache Impact test-6. Depression was evaluated using the Patient Health Questionnaire-9, with a score of $15 classified as major depressive disorder. Body mass index was evaluated based on measured height to the nearest 0.5 inch and weight to the nearest 0.5 pound.
Laboratory methods. After sampling, blood was centrifuged, aliquoted, and stored at 280°C until assayed. The Core Laboratory of the Center for Clinical and Translational Science, Nutrition Obesity Research Center, and Diabetes Research Center at the University of Alabama at Birmingham conducted all laboratory analyses. 7 Adipokines. All adipokine assays were measured in duplicate and were above the lower limit of detection.
Adiponectin. Total ADP (T-ADP) was evaluated by a radioimmunoassay (Millipore Corp., Billerica, MA) with a minimum assay sensitivity of 0.92 ng/mL, interassay coefficient of variation (CV) of 10.87%, and intra-assay CV of 4.80%. ADP multimers were evaluated by an enzyme immunosorbent assay (ALPCO, Salem, NH). High-molecular-weight (HMW), middle-molecular-weight (MMW), and low-molecular-weight (LMW) species were differentiated by the digestion and separation steps of the assay, with a sensitivity of 0.019 ng/mL, interassay CV of 7.01%, and intra-assay CV of 5.77%. In addition, given the opposing role of HMW-ADP and LMW-ADP in inflammation, the ADP ratios, including HMW: LMW, LMW:T-ADP, and HMW:T-ADP, were calculated using the ALPCO enzyme immunoassay.
Leptin. Leptin was determined using a Millipore RIA kit (Millipore Corp.) with a minimum assay sensitivity of 0.92 ng/mL, an interassay CV of 7.13%, and an intra-assay CV of 6.61%.
Resistin. Resistin was measured using a Millipore ELISA plate (Millipore Corp.) with a minimum sensitivity of 5 ng/mL, an interassay CV of 5.22%, and an intra-assay CV of 2.04%.
Baseline blood chemistry. All baseline blood samples were drawn at T0 (i.e., pretreatment). Insulin, glucose, and total cholesterol levels were determined using standard laboratory techniques as previously described. 7 Statistical analysis. Stata 11.0 (StataCorp LP, College Station, TX) was used for all statistical analyses. Baseline demographic and clinical characteristics for treatment responders and nonresponders were summarized using means (6SD) for continuous variables and counts and percentages for categorical variables. For skewed variables, medians (interquartile range) were provided. Differences in categorical variables were evaluated using x 2 or Fisher exact tests. Independent t tests were used for continuous variables with normal distributions to evaluate differences in group mean values. Group differences in median values were examined using the Wilcoxon rank-sum test. Based on our prior studies among headache participants and controls, 5 our sample size of 34 participants provides 80% power (a 5 0.05) to detect a mean difference of 2.6 mg/mL and SD of 1.4 mg/mL in serum T-ADP levels between treatment and placebo groups. In treatment responders and nonresponders, the mean values of each adipokine and ADP ratio at the 3 posttreatment time points were compared with pain onset (T0) using paired t tests. The mean change in each adipokine and ADP ratios over time (to account for the differences in baseline levels) was assessed with random intercept longitudinal models, adjusted for age, race, body mass index, glucose, and study site (model 1). Univariate and multivariate linear mixed models were fit to examine the association between each adipokine level and pain severity (based on the continuous NRS) in all participants. Mixed models were used to estimate the pain severity in all participants per quartile increment of each adipokine. In addition, all adjusted analyses were repeated with treatment arm added to the model (model 2). Because the addition of treatment arm did not alter the results, all results reported refer to model 1. Post hoc sensitivity analyses excluding men from the study did not demonstrate any significant changes or materially different effect estimates from the results presented in model 1. All reported p values are 2-sided and deemed statistically significant at a 5 0.05. RESULTS A total of 34 episodic migraineurs were randomized to receive treatment, of which 17 received suma/nap and 17 placebo. There were 17 treatment responders (11 suma/nap and 6 placebo) (figure 1). There were no demographic or baseline laboratory differences between the suma/nap and the placebo treatment groups; however, compared with nonresponders, responders had higher body mass indexes and lower glucose levels (table 1) .
Adipokine levels and pain severity. Before study treatment (T0), in all migraine participants (n 5 34), each 1-unit increase in the HMW:T-ADP ratio was associated with an increase in pain severity by 5.00 (95% confidence interval [CI]: 1.82, 8.18; p 5 0.002) on the 10-point NRS. Similarly, each 1 mg/mL increase in resistin levels was associated with increased pain severity by 0.07 (95% CI: 0.01, 0.13; p 5 0.029) (table 2). Incremental changes in T-ADP, the LMW:T-ADP ratio, as well as LEP were not associated with changes in pain severity before treatment. Similar associations were found for each adipokine and pain severity when evaluating across all time points, (pre-and posttreatment) (table 2) .
Pain severity was also evaluated by quartile increases of each adipokine. In all participants, pretreatment pain severity increased with every quartile increase in both the HMW:T-ADP ratio (CV 0.51; 95% CI: 0.08, 0.93; p 5 0.019) and resistin levels (CV 0.58; 95% CI: 0.21, 0.96; p 5 0.002) and was not associated with quartile changes in LEP (CV 20.54; 95% CI: 21.16, 0.09; p 5 0.093) (figure 2). When pain severity was evaluated in all participants using all pre-and posttreatment time points, each quartile increase in the HMW:T ADP ratio and resistin levels remained correlated with increased pain severity (HMW:T-ADP: CV 0.51; 95% CI: 0.08, 0.95; p 5 0.020; resistin: CV 0.6; 95% CI: 0.16, 1.04; p 5 0.008) (figure 2). In addition, each 1-quartile increase in LEP level was associated with decreased pain severity by 1.12 (95% CI: 21.76, 20.64; p 5 0.001) on the NRS (figure 2).
Treatment response and ADP. T-ADP. As compared with onset (12.47 6 SD 3.63 mg/mL), crude T-ADP levels were decreased at 30 minutes (11.49 6 SD 3.65 mg/mL; p 5 0.001), 60 minutes (11.54 6 SD 3.16 mg/mL; p 5 0.001), and 120 minutes (11.39 6 SD 3.69 mg/mL; p 5 0.001) after treatment in all responders (table e-1 on the Neurology ® Web site at Neurology.org). After adjustments, these changes in T-ADP levels remained significant at all posttreatment LMW-ADP. In responders, crude LMW-ADP did not change after treatment, but after adjustments increased at 120 minutes after treatment (CV 0.32; 95% CI: 0.03, 0.60; p 5 0.028) (table 3). In Table 2 Unadjusted and adjusted pain-severity trajectories in relation to changes in adipokine levels in all participants (n 5 34) HMW:T-ADP. In responders, the crude HMW: T-ADP ratio did not change after treatment but after adjustments was significantly reduced at 120 minutes (CV 20.04; 95% CI: 20.07, 20.01; p 5 0.41) (table 3). In nonresponders, the crude and adjusted HMW:T-ADP ratios were not significantly modulated after treatment (table 3) . (table 3) .
Leptin, resistin, and treatment response. Leptin. Treatment response was not associated with changes in LEP levels (tables 3 and e-1).
Resistin. In responders, crude resistin levels were reduced at 30 minutes (12.98 6 3.76 mg/mL; p 5 0.048), 60 minutes (13.27 6 4.27 mg/mL; p 5 0.032), and 120 minutes (12.93 6 3.07 mg/mL; p 5 0.052) after treatment as compared with onset (14 6 4.29 mg/mL) (table e-1). After adjustments, resistin levels decreased in responders at 30 minutes (CV 21 mg/mL; 95% CI: 21.86, 20.14; p 5 0.023) and 120 minutes (CV 20.95 mg/mL; 95% CI: 21.83, 20.07; p 5 0.034) (table 3). In nonresponders, there was no significant change in resistin levels after treatment (tables 3 and e-1). DISCUSSION In the current study, pretreatment ictal levels of ADP and resistin increased with increasing pain severity and decreased after successful acute abortive therapy. These findings are in line with results from our previous pilot study evaluating only ictal ADP levels in a smaller cohort (n 5 20). 7 We also found in the current study that LMW-ADP decreased, in a proinflammatory Figure 2 Migraine pain severity in association with quartile changes in adipokines
Adjusted model depicting changes in the numeric pain rating scale in all 34 participants with each quartile increase in the adipokine ratio or level (mg/mL) at (A) pretreatment (i.e., onset of pain and before acute abortive treatment, T0) and (B) across all pre-and posttreatment time points (i.e., T0, and 30, 60, and 120 minutes after treatment). The model was adjusted for age, sex, race, body mass index, glucose, and study site. HMW 5 high molecular weight; T-ADP 5 total adiponectin. Table 3 Adjusted random intercept longitudinal model of changes in adipokines at study entry (T0) before treatment, and 30, 60, and 120 minutes after treatment, in responders (n 5 17) and nonresponders (n 5 17) Abbreviations: ADP 5 adiponectin; CI 5 confidence interval; CV 5 coefficient of variation; HMW 5 high molecular weight; LMW 5 low molecular weight; MMW 5 middle molecular weight; ref. 5 reference; T-ADP 5 total adiponectin; T0 5 time point 0 or study entry. Adjusted for age, sex, race, glucose, body mass index, and study site.
direction, in nonresponders. These results were independent of treatment arm. Notably, although in our pilot study the HMW:LMW ratio increased (in a proinflammatory direction) with increasing pain severity, 7 changes in the HMW:LMW ratio were not significant in the current study. However, increases in the HMW:T-ADP ratio (also toward a proinflammatory direction) were associated with increasing pain severity. It is likely that these differences are related to differences in sample size.
In addition to ADP, we also evaluated resistin levels in episodic migraineurs for the first time. Resistin (also known as adipocyte-secreted factor [ADSF] or found in inflammatory zone 3 [FIZZ3]) was initially discovered as a substance produced by adipocytes in rats with the function of insulin resistance. 13 However, in humans, resistin is primarily secreted by macrophages and is associated with activation of tumor necrosis factor a (TNF-a).
14 Notably, resistin levels have been reported to be increased in those with acute coronary syndrome and rheumatoid arthritis. 15, 16 Our finding that ictal resistin levels increase with increasing migraine pain severity and decrease following successful acute abortive therapy is in line with the current understanding of resistin's proinflammatory roles, and suggests that resistin may also have a proinflammatory role in migraine.
Our second main finding from this study is that quartile increases in LEP, but not per-unit changes (i.e., per mg/mL), correlated with migraine pain severity. One possible explanation for this finding is that there may be a nonlinear or "U"-shaped relationship between LEP and pain severity, which we confirmed in a post hoc analysis using a quadratic model. In this model, we found that pain levels decrease with increasing LEP concentrations and mildly flatten out with LEP levels .50 mg/mL. In part, this finding, in conjunction with the well described, large, inter-and intraindividual differences in LEP levels [17] [18] [19] and study design differences, may explain why previous results evaluating LEP levels in migraineurs have been conflicting.
While the mechanisms of how these adipokines may be linked to migraine pain is not yet known, it is known that these adipokines are capable of modulating several central and peripheral pathways that have been implicated in migraine pathophysiology. 6, 20 Centrally, hypothalamic activation and cerebral vasculature modulation occur in migraine. Receptors for each of the adipokines evaluated in the current study have been identified in the human and rodent hypothalamus as well as in the cerebral microvasculature.
1,14,21-24 Furthermore, all 3 adipokines have been shown to be associated with downstream activation of several pathways implicated in migraine. These include pathways involving the AMP-activated protein kinase, modulation of endothelial nitric oxide synthase, as well as stimulation of the p38 mitogen-activated protein kinase. 7, [22] [23] [24] [25] [26] In addition, ADP and LEP stimulate the proinflammatory nuclear transcription factor, nuclear factor kB, and the release of proinflammatory cytokines including interleukin 6 (IL-6) and TNF-a. [24] [25] [26] Similarly, resistin is both increased by proinflammatory mediators, such as TNF-a and IL-6, and associated with activation of TNF-a. 21, 22 Notably, activation of TNF-a and IL-6 upregulates CGRP (calcitonin gene-related peptide) expression, a protein that contributes to the neurogenic inflammation of migraine. 27 The above data are consistent with our findings demonstrating that ADP and resistin levels increase with increasing migraine pain and decline with improvement of pain. However, in our data, as LEP levels increase, pain decreases in migraineurs. This finding may at first appear to be less consistent with the existing data supporting a proinflammatory role for LEP in some painful conditions. 3, 16, 28, 29 However, there is also a growing volume of data to suggest anti-inflammatory properties of LEP, especially in settings of neural injury. In animal models of spinal cord injury or stroke, LEP has been found to induce neuron growth and differentiation and to reduce microglial reactivity. [30] [31] [32] In addition, intrathecal LEP administration after sciatic nerve injury (neuropathic pain model) actually decreased neuropathic pain and decreased the expression of proinflammatory markers such as IL-6 and TNF-a in animal models. 33 There are several limitations of our current study. While this study encompassed the largest longitudinal ictal analysis of blood markers in migraine, the absolute number of subject in this study is small. A second limitation is the use of a combination migraine abortive agent (suma/nap) instead of a single acute abortive agent where each agent's influence on the adipokines can be more readily discerned. Finally, because of the study design requiring participants to present at onset of an acute migraine attack, serum samples were not able to be obtained fasting. While data support that ADP levels can be reliably sampled either fasting or nonfasting, 34 it is possible that LEP and resistin levels could be altered by fluctuations of glucose levels. 17, 35 Of note, because the present study evaluated and controlled for serum glucose levels, it is not likely that nonfasting serum samples contributed substantially to our findings.
This study demonstrated that ADP and resistin levels increase with increasing migraine pain severity and that these levels decrease after successful acute abortive therapy. In addition, although LEP levels are not modulated by treatment response, LEP levels decrease with increasing pain severity in migraineurs. Taken together, our data support that adipokines, particularly ADP and resistin, are possible novel migraine biomarkers and therapeutic targets. Confirmatory studies evaluating ictal adipokine levels in migraineurs are warranted.
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